In a previous study, we showed that plasma concentrations of catecholamines were increased during the anhepatic phase in pigs. In this study, we investigated if a constant depth of anaesthesia would prevent these changes and, if not, if the changes were caused by impaired extraction of catecholamines. We measured arterial and venous pressures, heart rate and cardiac output in 10 anaesthetized pigs. Hepatic arterial and portal venous flows were measured. Blood for measurement of catecholamines was sampled from carotid and pulmonary arteries and portal, hepatic and renal veins. After a 2-h observation period, the liver was removed and the circulation reconstituted. Measurements were made and samples obtained for another 2 h. Catecholamine concentrations increased 2-10-fold after hepatectomy. Before hepatectomy, noradrenaline was extracted by the lung (mean extraction ratio 23 (SEM 8) %) and the liver (30 (11) %); after hepatectomy, there was extraction by the kidney (24 (12) %) but extraction by the lung (29 (8) %) was unchanged. Before hepatectomy, adrenaline was extracted predominantly by the kidney (73 (5) %) and the liver (70 (6) %), with minimal extraction by the lung; after hepatectomy, extraction by the lung increased (25 (4) %) and decreased slightly in the kidney (56 (6) %). While mean arterial pressure did not change, heart rate increased by approximately 50 % and cardiac index declined (ns) within 2 h after hepatectomy. There was a sharp increase in pulmonary vascular resistance after removal of the liver and changes correlated with increases in arterial plasma concentrations of catecholamines. (Br.
Prolonged anhepatic periods of up to 24 h have recently been suggested in patients with fulminant liver failure in order to stabilize biochemical and coagulation abnormalities [1] . Previous reports of the effects of total hepatectomy in animals were discouraging because of numerous complications, and thus in an earlier study we made a preliminary investigation of some of the early effects of total hepatectomy [2] . In that study, we observed a marked increase in plasma concentrations of noradrenaline and adrenaline but it was unclear if the changes were caused by the absence of the liver, or to surgical stimulation and possibly associated haemodynamic changes. In that study the anaesthetic technique was not strictly controlled and haemodynamic or respiratory monitoring was not performed. In this study, a constant partial pressure of inspired anaesthetic gas was maintained, and haemodynamic changes, including blood flow to the liver and lung were monitored carefully. Detailed haemodynamic monitoring was used so that fluid balance could be corrected against measured right and left ventricular preload, and also to allow analysis of the haemodynamic consequences of catecholamine changes. The effects of surgical removal of the liver and the subsequent stabilization period were compared with results obtained during the preceding period of liver mobilization and placement of monitoring devices and the subsequent stabilization period. Blood samples for measurement of catecholamines were obtained across the liver, lung and kidney in order to determine net flux across these organs.
Trans-organ extraction of catecholamines was studied in order to assess the extent to which removal of the liver contributed to the previously observed increase in catecholamine concentrations.
Materials and methods
The study was approved by the Animal Research Ethics Committee of the University of Cape Town. We used 10 young Large White Landrace pigs, weighing 23-29 kg (mean 25 (SEM 1) kg) and aged 7-9 weeks. After a fasting period of 16 h, anaesthesia was induced with sodium thiopentone 500-750 mg i.v. and pancuronium 6 mg. The trachea was intubated, a large gauge orogastric tube was passed and the animals transferred immediately to the operating room while the lungs were ventilated manually. In the operating room anaesthesia was maintained with isoflurane 1.5 kPa and 66 % nitrous oxide in oxygen, delivered from a temperature compensated isoflurane vaporizer (Tec Mark IV, Ohmeda, UK), the accuracy of which had been prechecked. The lungs were ventilated mechanically using a circle system with carbon dioxide absorption. Normocapnia was monitored by arterial blood-gas analysis and capnography. On the right side of the neck, size 8-French gauge catheters were introduced into the common carotid artery for monitoring arterial pressure and for blood sampling, and the external jugular vein for infusion of fluid; a 7-French gauge pulmonary artery catheter was floated into the pulmonary artery. Its position was confirmed by characteristic changes in the transduced pressure waveform. Care was taken to ensure that the proximal injection port was beyond the end of the sheath introducer which had been shortened to 9 cm in length. This length had been determined by prior post-mortem dissection of comparable pigs used for other studies.
A midline incision was made from the xiphisternum to the pubis and the bowel enclosed in a large plastic bag to provide exposure and prevent evaporative fluid loss. The ligaments attaching the liver to the diaphragm were divided. Through a left neck incision, a balloon-tipped catheter was advanced via the internal jugular vein into the suprahepatic vena cava and then guided manually into the left lobe of the liver. Within the abdomen, a fine catheter (5-French gauge feeding tube) was advanced via a branch of the splenic vein to lie opposite the outflow of the pancreaticoduodenal vein. Via a groin incision, a catheter (8-French gauge feeding tube) was introduced into the femoral vein and manipulated 10-15 mm into the right renal vein. These are modifications of techniques described previously [3] . The portal vein from the porta hepatis caudad to the confluence of the splenic and mesenteric veins and the common hepatic artery to the same level were dissected free of surrounding tissue and lymph nodes. Pre-calibrated perivascular ultrasonic flow cuffs were placed around the hepatic artery (2 mm) and the portal vein (6 mm), and positioned to ensure measurement of total flow in each vessel using an ultrasonic flowmeter (Transonic Systems Inc., New York, NY, USA, Model T201D) which incorporates a non-occlusive zero facility. The abdomen was closed loosely and observations made, during this pre-hepatectomy phase, immediately after surgery and at hourly intervals over the next 2 h. I.v. balanced electrolyte solution (Plasmalyte B, Baxter, South Africa) with added 2.5 % glucose was infused at a rate of 10 ml kg 91 h 91 using a constant infusion pump. This solution resembles lactated Ringer's solution with the exception that the lactate is replaced by bicarbonate, and calcium is excluded. An infusion of 4.2 % sodium bicarbonate 150 ml was given during the period of bypass. Additional fluid was infused through the sheath introducer as needed to maintain a constant pulmonary artery wedge pressure.
Cardiac output and core temperature were measured using a cardiac output monitor (9520A; Edwards Laboratories, CA, USA). Cardiac output measurements in triplicate were performed by injection of 5 ml of normal saline (: 5 ЊC). Injections were made by a single investigator over a period of less than 4 s at end-expiration.
At the end of the initial observation period, hepatectomy was performed using a modification of previous methods [2] . The abdomen was re-opened and a side-to-side portacaval shunt was established just cephalad to the renal veins and the junction of the splenic and mesenteric veins, using 5-0 nonabsorbable sutures. A passive porto-systemic shunt was produced by inserting catheters (22-French gauge) into the splenic vein and the left external jugular vein. For hepatectomy, the infrahepatic vena cava was clamped and the caudal end of the vena cava sutured to one end of a Dacron aortic graft (diameter 12-14 mm). During this time the vena caval and portal circulations passed through the portal vein and the passive bypass. After completion of this anastomosis, the liver was removed definitively and the anastomosis between the suprahepatic vena cava and the end of the graft completed. During this time, the vena caval and portal flows were decompressed partially via the passive shunt. After expulsion of air from the Dacron graft, the clamps were removed and circulation was restored. Total portal and vena caval flow now passed through the graft. The passive shunt was then removed and the orifice in the splenic vein repaired. The abdomen was closed with chromic catgut and nylon sutures. Measurements were made immediately after total hepatectomy and at hourly intervals for the next 2 h.
Blood samples were analysed for acid-base status,
and plasma sodium, potassium and lactate concentrations. Plasma concentrations of catecholamines were measured by high pressure liquid chromatography with electrochemical detection using dehydrobenzylamine as the internal standard. The coefficient of variation was 7.9 % for noradrenaline and 8.7 % for adrenaline, and the limit of sensitivity was 10 pg ml The total mass of catecholamines extracted by the pulmonary vascular bed and by the liver at each time was obtained by multiplying the difference between inflow and outflow concentration by total organ flow at each time. This was not possible for other organ beds as flow across them was not measured.
Statistical evaluation was performed using Statgraphics (version 5) statistical package on an IBM compatible 386 PC running under MS DOS version 6. All comparisons were against preoperative values unless otherwise stated. Extraction ratios were compared before and after hepatectomy using the paired t test. Time-based changes in catecholamine concentrations, extraction ratios, biochemical data and cardiovascular variables were analysed using analysis of variance for repeated measures with individual significantly different groups identified using the 95 % confidence interval multiple range testing method. Changes in haemodynamic variables were compared with changes in catecholamine concentrations in the appropriate vascular bed by regression analysis. Non-normally distributed variables were compared using the Mann-Whitney U test. Results are reported as mean (SEM).
Results
The mean time for porto-caval shunt, removal of the liver and replacement with the Dacron graft was 26 (SEM 4) min and the period of portal venous bypass never exceed 11 min. During the 5 h of the procedure, a mean of 2054 (450) ml of fluid were infused i.v. (range 1700-2700 ml). All pigs required additional fluids in excess of 10 ml kg 91 h 91 to maintain a constant wedge pressure. The mean additional fluid requirement was 33 (5.7) ml kg 91 over the 5 h of the procedure, and thus each pig received a mean of 15.8 (1) ml kg 91 h 91 throughout the experiment. It was noted that the pigs sequestered considerable quantities of fluid into the peritoneal cavity during the study and it was thought that this accounted for the additional fluid requirements. One pig died after hepatectomy.
HAEMODYNAMIC VARIABLES (FIG. 2)
Mean arterial pressure did not change significantly throughout each phase of the experiment. Intial heart rate was 135 (7) beat min 91 and increased to 161 (13) beat min 91 (ns) during the pre-hepatectomy phase. Two hours after removal of the liver, heart rate reached 184 (11) beat min 91 after 2 h (P : 0.05 compared with baseline). Cardiac index, expressed as a function of body weight, was 0.120 (0.011) litre kg 91 min 91 at the start of the study and decreased to 0.079 (0.014) litre kg 91 min 91 at the end of the study (ns). Weight rather than body surface area (BSA) was used to express cardiac index, as there are no nomograms for BSA in pigs. Pulmonary capillary Figure 2 Mean arterial pressure (MAP), heart rate (HR), cardiac index (CI), systemic vascular resistance (SVR), pulmonary vascular resistance (PVR), hepatic arterial (HA), portal (POR) and total liver blood flows (mean, SEM). Measurements were made after positioning of all catheters and flow probes (Pre) and 1 and 2 h thereafter, and again immediately after removal of the liver and restoration of all circulations (Pre) and 1 and 2 h thereafter. *P : 0.05 between pre-and post-hepatectomy data.
wedge pressure was 6 (1) mm Hg and pulmonary arterial pressure was 20 (7) ) in all animals immediately after removal of the liver which persisted for 2 h after hepatectomy. This was significantly greater than baseline but not significant compared with values immediately before hepatectomy. Changes in PVR correlated well with noradrenaline (r : 0.73) and adrenaline (r : 0.72) concentrations in the pulmonary artery. None of the other cardiovascular variables correlated significantly with changes in catecholamine concentrations.
All aspects of liver blood flow decreased during the first 2 h of the sham operation but this was not statistically significant. Mean total liver blood flow expressed per liver weight was 90 (8) ml 100 g 91 at the beginning of the study which decreased to 68 (9) ml 100 g 91 (ns) just before removal of the liver; mean initial portal flow was 49 (5) ml 100 g 91 which decreased to 38 (6) ml 100 g 91 , while hepatic arterial flow was 37 (3) ml 100 g 91 at the beginning of the study and decreased to 25 (5) ml 100 g 91 (ns).
BIOCHEMISTRY (FIG. 3) There was a sharp decrease in plasma pH immediately after removal of the liver but otherwise pH values remained within normal limits. Mean initial 2 CO a P was 4.9 (0.5) kPa which remained unaltered until the first hour after removal of the liver when a decrease was noted which became significant by 2 h after hepatectomy (4.2 (0.4) kPa). Plasma base excess declined from ;2 to 0 mmol litre 91 before hepatectomy to 93 mmol litre 91 immediately and for 2 h after removal of the liver. There was an apparent increase in (TABLE 1) Noradrenaline concentrations remained within the normal range for our laboratory (235-320 pg ml
91
) at all sites during the control period. Immediately after removal of the liver, there was a significant 5-10-fold increase in noradrenaline concentrations at all sites. One hour after hepatectomy, all concentrations decreased, with significant reductions from the previous sample in the arterial and renal vein samples. By 2 h after hepatectomy, all concentrations were increased significantly. CO O a , , a P P base excess (BE), and lactate, sodium (NA ; ) and potassium (K ; ) concentrations in arterial blood obtained at intervals described in figure 2. Error bars are not shown for pH or BE as they were too small for accurate depiction. *P : 0.05 between pre-and post-hepatectomy data. ( Concentrations of adrenaline in samples before hepatectomy were unchanged during the control period. After removal of the liver, there was an increase of up to six-fold above baseline in arterial and pulmonary arterial samples but not in those from the renal vein. There was a non-significant decrease 1 h after hepatectomy; at 2 h, concentrations in all circulations were significantly greater than pre-hepatectomy values.
TRANS-ORGAN CATECHOLAMINE CONCENTRATIONS
The majority of individual trans-organ samples showed reductions in effluent catecholamine concentrations (extraction) across individual organs, although there were several samples in which net release of catecholamines occurred.
Pulmonary extraction of catecholamines
Extraction of noradrenaline occurred across the lung in all but seven of the samples, both before and after hepatectomy, and significant noradrenaline extraction was demonstrated at all but one time (table 2) . Mean extraction of noradrenaline across the lung was significantly different from zero for both preand post-hepatectomy samples (P : 0.05). Onethird of specimens showed release of adrenaline across the pulmonary circulation during the prehepatectomy phase, but only one sample showed release after hepatectomy. However, the mean extraction ratio at each time was always positive (table 2), although not significantly different from zero. Averaged over the three sampling intervals after hepatectomy, the mean extraction ratio was significantly different from zero. After hepatectomy, the total mass of noradrenaline extracted by the pulmonary bed increased 2-4 fold from pre-hepatectomy concentration whereas that of adrenaline increased only 1-2 fold (table 3)
Hepatic extraction of catecholamines
Noradrenaline extraction varied before hepatectomy and only six samples showed release. Overall, there was a mean extraction of noradrenaline which was significantly different from zero (P : 0.05) during the pre-hepatectomy period (table 2). Only one sample showed release of adrenaline in the prehepatectomy phase and there was a consistently high extraction ratio (table 2). The overall mean extraction of adrenaline by the liver was 66.7 (6.2)%. Despite this high (statistically significant) extraction, the total mass of both catecholamines extracted by the liver was less than that extracted by the lung before hepatectomy (table 3) . After hepatectomy the mass of both catecholamines extracted by the lung exceeded that of both the lung and liver combined, before removal of the liver for all times except for adrenaline at time (v) (table 3).
Renal extraction of catecholamines
In the pre-hepatectomy phase, only two-thirds of samples showed extraction of noradrenaline. Consequently, there was no significant net uptake or Table 2 Catecholamine extraction ratio (mean (SEM)%) in various circulations at the following sampling times: immediately after catheterization (i), 1 h (ii) and 2 h (iii) thereafter; immediately after total hepatectomy and restoration of the circulation (iv), 1 h (v) and 2 h (vi) thereafter. *P : 0.05, ***P : 0.01 compared with zero.
Pre-hepatectomy (n : 10) Post-hepatectomy (n : 9) release of noradrenaline during this period. After removal of the liver only seven of 30 samples showed release of noradrenaline. There was a very high extraction of adrenaline during the pre-hepatectomy phase which persisted at the first sampling interval after removal of the liver but declined thereafter. Only one sample in the entire study showed release, and the concentration of adrenaline released in that sample was at a level within the experimental error.
Gut and splenic (splanchnic) extraction of catecholamines
There was an overall release of noradrenaline from the gut and spleen before hepatectomy but this was not statistically significant. There was significant mean extraction of adrenaline by this vascular bed.
Discussion
This study follows the suggestion of Ringe, Pichlmayr and Luebbe [1] that appropriate liver transplant recipients may be subjected to a prolonged anhepatic phase to allow stabilization of the haemodynamic and biochemical state. Previous studies of anhepatic animals have however, suggested that there may be severe consequences of total removal of the liver, but many of these changes were probably related to the models used [4] . In earlier study, a more stable anhepatic model in the pig was described which would survive at least 12 h and occasionally up to 24 h [2] . In this study, special attempts were made to maintain animals in a steady state. The only significant changes in biochemical measurements were plasma potassium and lactate concentrations. The two-fold increase in mean plasma lactate concentrations was consistent with the findings of Ringe, Pichlmayr and Luebbe who reported a 6-8-fold increase 8 h after hepatectomy in their clinical study of liver transplant recipients [1] . Particular attention was paid in this study to plasma catecholamine concentrations because these had not been measured previously during the anhepatic state in normal animals and because they may have significant early effects on the liver transplant recipient during revascularization of the graft. Catecholamine concentrations increased significantly in all circulations after hepatectomy and the question arises if this was a result of diminished extraction or increased release. Several authors believe that the liver is the major contributor to catecholamine extraction and there are various reports of a clearance ratio of 0.9 [5, 6] , an extraction ratio of 62 (5 %) for the hepaticomesenteric sequence [7] , clearance by the liver at levels increased fourfold by exogenous administration of catecholamines [8] and significant preferential clearance of noradrenaline by the liver [9] with net removal despite increased sympathetic activity [8] . Korn, Waldhaust and Iratusch-Marrain suggested that the magnitude of hepatic removal correlates with hepatic blood flow [10] although there was no correlation between liver blood flow and extraction ratios in our study. Hepatic removal of catecholamines probably buffers the net release of noradrenaline by the hepatomesenteric sequence, but this effect is seen only in studies in which both portal and hepatic venous blood is sampled [11] . The role of the liver in the removal of catecholamines is also implied in patients with cirrhotic liver disease who manifest very high circulating concentrations, but Silverberg, Shah and Maymond commented that, although it occurs, hepatic inactivation of noradrenaline is only a fraction of the systemic clearance in normal subjects [12] .
Our data confirm an important role for the liver in catecholamine extraction, but also show that the lung is a more important site for catecholamine removal. Our results are in agreement with the 25 % pulmonary extraction of noradrenaline reported by Sole and colleagues [13] . Despite the lower extraction ratio for both catecholamines, the lung assumes a major role in catecholamine extraction because the entire circulating blood volume passes through this capillary bed. In the absence of the liver, the mass of catecholamines extracted by the lung more than compensated for the loss of hepatic metabolism.
There appear to be considerable disagreement about the role of the kidney in catecholamine extraction. Release of noradrenaline into the renal circulation has been reported in humans [14] and Oliver and colleagues found that in dogs there was basal release and a correlation between plasma concentrations of noradrenaline and stimulated sympathetic activity [15] . In a recent study, net removal of noradrenaline by the kidney was demonstrated at plasma concentrations midway between our pre-and post-hepatectomy levels [11] . Ring Larsen and colleagues, studying patients with cirrhosis, suggested that increased sympathetic activity in the kidney may be in response to hypotension or decreased peripheral resistance [14] although we did not find evidence of this. Others have reported that extraction occurs after injection of exogenous catecholamines. In this study, adrenaline extraction by the kidney was consistently high, whereas both extraction and release of noradrenaline occurred, which agrees with previous findings [14] . Extraction of adrenaline may, however, be a saturable mechanism, in view of the decrease in the extraction ratio which occurred after the marked increase in adrenaline after hepatic removal. It should be noted that, on the presumption that renal blood flow remained a reasonably constant fraction of cardiac output, the mass of catecholamines extracted by the kidney was probably greatly increased at this time.
The role played by the gut and spleen has only recently been considered [11, 16] . Although many studies have reported on the splanchnic or hepatomesenteric circulations [9, 10, 13, 17] in only one of these studies were transhepatic measurements made [10] . Our data showed equal release or uptake of noradrenaline by the gut and spleen and significant uptake of adrenaline, but studies were not continued after removal of the liver. Preliminary results from further studies suggest that catecholamine release is from the gut, and that the spleen plays little part [unpublished data].
There appear to be very few reports of the influence of anaesthetic technique on haemodynamic monitoring in normal pigs, although Weiskopf and colleagues have published the effects of ketamine and thiopentone [18] or nitrous oxide and halothane [19] in hypovolaemic swine. The initial increase in catecholamine concentrations after hepatic resection could have been in response to the surgical procedure, although the partial pressure of isoflurane with 70 % nitrous oxide (equivalent to 2 MAC in humans) should have been sufficient to control autonomic responses. This is supported by the fact that the initial surgical procedure, which should have been at least as stimulating as hepatectomy, particularly as it involved skin incision, resulted in catecholamine concentrations within the normal ranges for pigs in our laboratory and no cardiovascular evidence of sympathetic response. The chosen regimen resulted in a moderately stable state with no significant changes in mean arterial pressure, heart rate, cardiac output and pulmonary or systemic vascular resistance during the first 2 h before hepatectomy. However, heart rate increased gradually throughout the study, and was significantly higher than baseline after hepatectomy, although there was no significant increase from the immediate pre-hepatectomy rate. Subsequent experience with the model has suggested that pigs may require even larger fluid loads than those given in this experiment to maintain intravascular volumes in the face of considerable transudation into the peritoneal cavity. Although pulmonary artery wedge pressure was maintained reasonably constant throughout the experiment, it is possible that the increase in heart rate was because of a relative fluid deficit which was not detected by measurements of wedge pressure alone.
The development of increased pulmonary vascular resistance in the anhepatic and revascularization phases of liver transplantation has been noted previously [unpublished clinical and laboratory observations]. It has been postulated that these changes are related to increased circulating endotoxins, prostaglandins or substance P [20] resulting from the anhepatic state, but increased catecholamine concentrations may also play a role. Our animals were not anticoagulated during the brief period of portal venous bypass, and it is possible that there may have been some clot formation in the graft with pulmonary embolization, although there was no gross evidence of this in terms of occlusion of the bypass catheter. However, the fact that pulmonary vascular resistance correlated well with pulmonary arterial catecholamine concentrations suggests that this observation in the present study was probably a result of the increase in catecholamine concentration or some other simultaneous and parallel event such as an increase in circulating endotoxin. This response of the pulmonary vasculature may be a speciesspecific effect. Kogure and Suzuki [21] demonstrated an increase in plasma histamine concentrations in portal venous blood after hepatic inflow occlusion. We did not measure histamine concentrations, and this may be an alternative explanation for the increase in pulmonary vascular resistance.
Partial disruption of the circulation at the time of hepatectomy may also have played an important role in the high concentrations of catecholamines. This suggestion is supported by the study of Kogure and Suzuki who showed that hepatic inflow occlusion resulted in significant increases in both portal and systemic plasma concentrations of noradrenaline after 30 min of occlusion time, increasing with time, and that very high concentrations of noradrenaline were associated with poor survival [21] . As the increase was more marked in the portal rather than the systemic circulation, they attributed the increase to splanchnic congestion. In our study, decompression of the portal and vena caval systems through a single bypass was almost certainly inadequate during excision of the liver (<11 min) and some degree of portal congestion would have occurred over this period. Recent evidence of the role of the mesenteric organs in the turnover of noradrenaline supports the possibility that the splanchnic circulation may be an important source of the increased catecholamine concentrations [11, 16] .
We conclude therefore that changes in plasma catecholamines and organ extraction are considerable and may be clinically relevant. If these studies are applicable to humans, it would seem likely that an increase in circulating catecholamines may occur during prolonged anhepatic states, but that this increase is not entirely a result of loss of the hepatic metabolism of catecholamines. This study does not shed light on either the source of catecholamine release in the anhepatic phase, or the stimulus which mediated the change. However, the secondary increase in catecholamine concentrations 2 h after surgical manipulation had ceased suggests that the stress of the anhepatic state is at least partially responsible for the increase. These changes may not be reproduced in cirrhotic transplant recipients who may have altered sympathetic tone and abnormal responses to catecholamines [22] . In addition, infusion of catecholamines during anaesthesia produces changes greater than those seen in these experiments. Nevertheless, it is possible that the increased catecholamine concentrations which we have demonstrated could have adverse effects on both hepatic and pulmonary blood flow when a new liver is implanted. Ongoing studies with anhepatic pigs have demonstrated marked attenuation of renal output after removal of the liver, which is probably related to the increase in catecholamine concentrations [unpublished data]. Further studies are being conducted to determine if and how rapidly revascularization of the liver reverses these changes.
